A trial was performed to compare the effects of different dietary sources of MUFA on the fatty acid (FA) composition, lipid metabolism, and gene transcription in different tissues of Iberian pigs. Twentyseven Iberian male pigs of 28 kg live weight (LW) were divided in 2 groups and fed with 1 of 2 isocaloric diets: a standard diet with carbohydrates as energy source (CH) and a diet enriched with high-oleic sunflower oil (HO). Ham adipose tissue was sampled by biopsy at 44 and 70 kg LW. At 110 kg LW pigs were slaughtered and backfat, loin, and liver tissues were sampled. Animals of the HO group showed higher MUFA content and lower SFA in all the analyzed tissues (P < 0.001). These main effects were established early during the treatment and increased only slightly along time. Small diet effects were also detected on PUFA, which showed differences according to sampling time, tissue, and lipid fraction. Effects of diet on gene expression were explored with a combined approach analyzing adipose tissue transcriptome and quantifying the expression of a panel of key genes implicated in lipogenesis and lipid metabolism processes in backfat, muscle, and liver. Backfat transcriptome showed small effects of diet on gene expression, in number and magnitude. According to the posterior probabilities (PP) of the probe-specific expression differences between dietary groups (PP < 0.01), 37 genes were considered differentially expressed (DE). Gene ontology allowed relating them with several biological functions including lipid metabolic processes. Quantitative PCR confirmed several DE genes in adipose tissue (RXRG, LEP, and ME1; P < 0.0001, P < 0.05, and P < 0.0001, respectively), but no DE gene was found in loin or liver tissues. Joint results agree with a metabolic adjustment of adipose tissue FA levels by the subtle effect of the diet on the regulation of several lipid metabolism pathways, mainly FA oxidation and prostanoid synthesis, with LEP, RXRG, and PTGS2 genes playing mayor roles.
INTRODUCTION
Fat content and long-chain fatty acids (FA), whether in adipose or muscle tissues, are central to nutritional and sensorial values of pork (Webb and O'Neill, 2008) . Dietary FA composition influences the profile of FA stored in pig tissues (Wood et al., 2004; DuranMontgé et al., 2009) , and pig diets enriched with different sources of unsaturated FA have been essayed to improve the nutritional value of pig meat and its products (Kouba et al., 2003; Guillevic et al., 2009) . The traditional fattening system of Iberian pigs is based on the intake of acorns, which provide high levels of MUFA, mainly oleic acid (López-Bote, 1998 ). This interaction breed-feeding system is known to be the basis of highest-quality dry-cured pig products, and it is a reference model for sustainable production of many local Mediterranean breeds (Pugliese, 2012) . Monounsaturated fatty acid enriched diets, through the inclusion of high oleic acid sunflower oil, are be-ing used for feeding Iberian-type pigs to replace acorn intake in intensive fattening systems (Ventanas et al., 2008; Pérez-Palacios et al., 2009) .
Changes in dietary fat composition also affect gene expression, with effects highly dependent on the species, age, tissue, and compared diets (Ding et al., 2003; Duran-Montgé et al., 2009) . While PUFA-and SFAenriched diets alter the transcription of genes related to lipogenesis, FA desaturation, and β-oxidation Ntambi, 2006, Sampath et al., 2007) , the effects of MUFA-enriched diets on gene transcription are less known and have not been investigated in Iberian pigs.
Our objective was to compare the effects on the FA composition and gene transcription in different tissues of Iberian pigs of 2 different dietary sources of MUFA: a low fat diet, with carbohydrates providing substrates of endogenous MUFA synthesis, and a high oleic acid enriched diet supplying exogenous MUFA. Changes on FA composition were determined in ham subcutaneous fat biopsies and in backfat, loin, and liver samples obtained from carcasses. Furthermore, diet effects on metabolic pathways were explored in backfat with a hypothesisfree transcriptome approach, and differential expression of a panel of selected functional candidate genes was studied in backfat, muscle, and liver.
MATERIAL AND METHODS

Animals
The current study was performed at the facilities of the Centro de Investigación Agropecuaria Deheson del Encinar (Toledo, Spain). Animal manipulations were performed in compliance with the regulations of the Spanish Policy for Animal Protection RD1201/05, which meets the European Union Directive 86/609 about the protection of animals used in experimentation. The study comprised 27 barrows born in 15 litters of the Torbiscal Iberian strain. At 28 kg (SD = 3 kg) of BW the animals were randomly distributed in 2 dietary groups (n = 14 and 13, respectively) and penned individually, with full-sibs being split into the 2 groups. A group was fed with a higholeic sunflower oil enriched diet (HO) and the other one (CH)with a standard diet with carbohydrates as the main source of energy. Feed composition is shown in Table 1 . The energy content per kilogram of feed was 3,130 Kcal of crude energy for the CH diet and 3,360 Kcal for the HO diet. During the 24 wk of treatment, animals were fed individually twice a day according to a scale based on average live weight (LW). The daily feed supplied for pigs of the HO group increased from 1.0 to 3.3 kg. A 10% greater quantity of feed was supplied to the CH group to match the lower energy and protein content of CH feed and provide isoenergetic and isoproteic rations to the pigs of both groups. Fresh water was provided ad libitum. Live weight was recorded on live animals each 2 wk. Ham subcutaneous fat samples were obtained in vivo by shot biopsies at 44 kg (SD = 3 kg) and 70 kg (SD = 4 kg) of LW. The dietary treatment finished when the pigs reached 110 kg (SD = 6 kg) of LW, and then animals were stunned and slaughtered at a commercial slaughterhouse (Alcaudete de la Jara, Toledo, Spain). Tissue samples (backfat, loin, and liver) were collected from the carcasses. Backfat and loin samples were taken at the level of the last rib, and backfat was separated into outer and inner layers. All the samples were stored at -80°C and used for analyzing gene expression and FA composition.
Tissue Composition Analyses
Lipid extracts from biopsy and adipose tissue samples (inner and outer layer) were extracted by the procedure proposed by Bligh and Dyer (1959) whereas the extracted lipids from longissimus dorsi muscle and liver were separated into neutral lipids (NL) and polar lipids (PL) using aminopropyl minicolumns, following the method used by Ruiz et al. (2004) . Fat extracts were methylated in the presence of sulfuric acid and analyzed by gas chromatography. Previously fatty acid methyl ester (FAME) samples were identified by gas chromatography as described elsewhere (López-Bote et al., 1997a) using an HP-6890 (Hewlett-Packard, Avondale, PA) gas chromatograph equipped with a flame ionization detector and a capillary column (HP-Innowax, 30 m by 0.32 mm i.d. and 0.25 μm polyethylene glycol-film thickness; HewlettPackard). A temperature program of 170 to 245°C was used. The injector and detector were maintained at 250°C. The carrier gas (helium) flow rate was 2 mL/min. Results were expressed as grams per 100 g of detected FAME. 
Transcriptome Analyses
Microarray Hybridization and Analysis. A noncompetitive hybridization with the GeneChip Porcine Genome Array (Affymetrix, Santa Clara, CA) was performed. This microarray contains 24,123 probe sets that interrogate around 23,250 transcripts from 20,201 Sus scrofa genes. Total adipose tissue (backfat inner layer) RNA from 16 animals (8 pairs of full-sibs, 1 of them from each dietary group) was isolated using RiboPure RNA isolation kit (Ambion, Austin, TX) following the manufacturer's recommendations. Ribonucleic acid obtained was quantified using a NanoDrop equipment (NanoDrop Technologies, Wilmington, DE) and RNA quality was assessed with an Agilent bioanalyzer device (Agilent Technologies, Palo Alto, CA). The RNA integrity number (RIN) values obtained showed an average of 8.0 ± 0.4, thus assuring their homogeneity and high quality. The RNA samples were transferred to the Institut de Recerca Hospital Universitari Vall d'Hebron (Barcelona, Spain) for reverse transcription, fluorescent labeling, hybridization on chips, and scanning. Briefly, for each sample 5 μg of total RNA was reverse transcribed into cDNA molecules, labeled with biotin, and hybridized to the high density oligonucleotide chip. Hybridizations were done according to Affymetrix standard protocols and expression data were generated with GeneChip Operating Software (Affymetrix, Santa Clara, CA). All protocols followed the minimum information about a microarray experiment (MIAME) recommendations (Brazma et al., 2001) developed by the Microarray Gene expression Database Group (www.mged.org). The data discussed in this publication have been deposited in the National Center for Biotechnology Information Gene Expression Omnibus (Edgar et al., 2002) and are accessible through Gene Expression Omnibus series accession number GSE47941 (www.ncbi. nlm.nih.gov/geo/query/acc.cgi?acc = GSE47941).
Data Processing, Normalization, and Filtering. Microarray data quality evaluation was performed with the "Affy" and "Sympleaffy" packages of Bioconductor software (www.bioconductor.org/; Gentleman et al., 2004) . Normalization was conducted to reduce technical variation between chips. Guanine Cytosine Robust Multiarray Analysis normalization was performed with Biometric Research Branch BRB-Array Tools (version 3.7.1; http:// linus.nci.nih.gov/BRB-ArrayTools.html; Xu et al., 2008) . A filtering step was performed to exclude from the analyses the genes showing minimal variation across the set of arrays. Only genes displaying more than 20% of expression values over ±1.5 times the median expression of all arrays were used for further analysis. From the total 24,123 probe sets of the array, 3,272 spots overcame these filtering conditions and were used in the statistical analysis of differential expression.
Statistical Analysis of Microarray Data. Normalized microarray expression data (background corrected and base-2 logarithmic transformed) were analyzed through Bayesian inference using the Gene Expression Analysis with Mixed Models (GEAMM) version 1.6 software (Casellas et al., 2008 ). The following model was used for searching the effects on expression data of both diets:
in which y (pq × 1 elements) is the vector of gene expression data sorted by successfully hybridized array (q = 15) and probe within array (p = 3,272) and influenced by the overall effect of each array (a) as well as discrete (D i ) within-probe effects (diets and full-sib families), both with dimensions 1 × p. All the unknowns in the model were sampled from their joint posterior distribution by Gibbs sampling (Gelfand and Smith, 1990) . Additional details of the performed Bayesian procedure are reported by Casellas et al. (2008) . Inferences were made on the probe-specific difference between D i levels from the appropriate posterior distributions summarized by its mean, SD, and posterior probability (PP) above (negative mean) or below (positive mean) 0. When the magnitude of PP values is very small, it provides substantial evidence on the differential expression of a given probe. Moreover, in this study these PP were treated as P-values for calculating their maximum value under multiple testing within the false discovery rate (FDR) approach of Benjamini and Hochberg (Benjamini and Hochberg, 1995) .
GeneChip Porcine Genome Array Re-annotation. Probe annotation was first done using the annotation file supplied by Affymetrix (www.affymetrix.com/analysis/index.affx). Owing to the possibility of missannotation, gene annotation of the differentially expressed (DE) genes was confirmed from the available sequence used by Affymetrix to design the probes in the array. Each sequence was analyzed by basic local alignment search tool (BLAST; Altschul et al., 1990) to confirm the gene annotation, based on homology with other genomes such as human, mouse, or bovine, among others.
Gene Ontology Annotation. We performed a functional categorization of the DE genes using Gene Ontology (GO) information. The biological interpretation of the data was performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) 2008 database free tool (Huang and Lempicki, 2009) , which provides batch enrichment analyses to highlight the most relevant GO terms associated to a gene list. This tool detects overrepresented functional gene categories in the gene list compared with all the genes on the array. Functional terms with P-values lower than 0.05 are considered enriched in the annotation categories.
As a complementary approach, Ingenuity Pathway Analysis (IPA; Ingenuity Systems; www.ingenuity.com) bioinformatics tools were used to identify and character-ize biological functions and gene networks affected by the treatment. These tools integrate the Ingenuity Knowledge Base of gene-to-gene or protein-to-protein interaction information and the annotated data from the gene expression experiment to generate biological relevant gene regulatory networks. Network analysis returns a score that ranks networks according to their degree of connectivity and relevance to the network eligible molecules in the dataset (Calvano et al., 2005) . The network score is based on the hypergeometric distribution and is calculated with the right-tailed Fisher's exact test. The score is the negative log of this P-value. Molecules that demonstrate direct and indirect relationships to other genes or proteins were integrated into the analysis.
Candidate Gene Expression Analyses by Quantitative PCR
Different tissue samples were snap frozen in liquid nitrogen and stored at -80°C for mRNA expression studies: 1) backfat inner layer samples from carcasses, 2) longissimus dorsi muscle samples, and 3) liver samples. For each tissue 50-to 100-mg samples from the 27 animals in the study were used for total RNA extraction using RiboPureTM RNA isolation kit (Ambion) following the manufacturer's recommendations. Ribonucleic acid obtained was quantified using a NanoDrop equipment (NanoDrop Technologies) and RNA quality was assessed with an Agilent bioanalyzer device (Agilent Technologies). The RIN values obtained for all the tissues sampled from carcasses were in the range 7.5 to 8.5, thus assuring their homogeneity and high quality. First-strand cDNA synthesis was performed with Superscript II (Invitrogen, Life Technologies, Paisley, UK) and random hexamers in a total volume of 20 μL containing 1 μg of total RNA and following the supplier's instructions.
The expression of a panel of 11 candidate genes was quantified by quantitative PCR (qPCR). Primer pairs used for quantification were designed using Primer Select software (DNASTAR, Madison, WI) from the available GENBANK and/or ENSEMBL sequences, covering different exons to assure the amplification of the cDNA. Sequence of primers and amplicon lengths are indicated in Supplemental Table 1. All the selected genes were analyzed in the 3 tissues obtained at slaughter (inner layer of adipose tissue, loin, and liver). Standard PCR on cDNA were performed to verify amplicon sizes. Transcript quantification was performed using SYBR Green mix (Roche, Basel, Switzerland) in a LightCycler480 (Roche). The qPCR reactions were prepared in a total volume of 20 μL containing 2.5 μL of cDNA (1/20 dilution), 10 μL of SYBR Green mix, and 0.15 μM of both forward and reverse primers. As negative controls, mixes without cDNA were used. Cycling conditions were 95°C for 10 min followed by 45 cycles of 95°C (15 s) and 60°C (1 min) where the fluorescence was acquired. Finally, a dissociation curve to test PCR specificity was generated by 1 cycle at 95°C (15 s) followed by 60°C (20 s) and ramp up to 95°C with acquired fluorescence during the ramp to 0.01°C/s. Data were analyzed with LightCycler480 SW1.5 software (Roche). All points and samples were run in triplets as technical replicates and dissociation curves were performed for each individual replicate. Single peaks in the dissociation curves confirmed the specific amplification of the genes. For each gene and each tissue, PCR efficiency was estimated by standard curve calculation using 4 points of cDNA serial dilutions. Values of PCR efficiency are indicated in Supplemental Table  1 . Mean crossing point (C p ) values were used for the statistical analyses of differential expression. Data normalization was performed using the 2 most stable endogenous genes out of GAPDH, B2M, TBP, and ACTB for each tissue. Endogenous genes stability measures were calculated from genorm software (Vandesompele et al., 2002) . GAPDH and B2M genes were used for adipose tissue analyses, GAPDH and ACTB were used for muscle, and GAPDH and TBP were used for liver.
Statistical Analyses of Tissue Composition and Candidate Gene Expression Data
The influence of diet on FA composition was separately analyzed for each FA or FA index in each tissue with a linear model fitting as systematic effects the mean and diet treatment and as random the full-sib family and residual effects. All the analyses were performed using the GLM procedure of SAS 9.1 (SAS Inst. Inc., Cary, NC). Preliminary analyses of FA composition of muscle and hepatic tissues were performed fitting as additional effects the lipid fraction (NL and PL) and the interaction lipid fraction × diet. For carcass adipose tissue, preliminary analyses were performed fitting the fat layer (outer and inner) and the interaction fat layer × diet.
Statistical analysis of gene expression data was performed following the method proposed by Steibel et al. (2009) , which consists of the analysis of cycles to threshold values (C p ), for the targets and endogenous genes using a linear mixed model. The following model was used for analyzing the joint expression of the target and control genes in different tissues:
, E brings the efficiency of the PCR of each gene in each tissue, C p is the mean value obtained from the thermocycler software from the 3 rep-licates of gth gene in a sample collected from the kth animal fed with the ith dietary treatment, TG gi is the specific effect of the ith dietary treatment on the expression of gene g, L gj and B gjk are specific random effects of the jth full-sib family and the kth pig on the expression of gene g, D ijk is a random sample-specific effect common to all the genes, and e gijk is a residual effect.
To test differences in the expression rate of genes of interest (diff TG ) between classes normalized by the endogenous genes, different contrasts were performed between the respective estimates of TG levels. Significance of diff TG estimates was determined with the t statistic. To obtain fold change (FC) values from the estimated diff TG values, the following equation was applied: FC = diff 2 TG -. Asymmetric 95% confidence intervals (CI) were calculated for each FC value by using the SE of the estimated difference: 95% CI from
û . The concordance correlation coefficient (CCC) between the FC values estimated in backfat from microarrays and qPCR expression measures for these 11 genes was calculated to validate the global microarrays results (Miron et al., 2006) .
RESULTS
Effect of Dietary Energy Source on Phenotype and Animal Tissue Composition
Fatty acid profiles of subcutaneous fat were analyzed on ham fat biopsies obtained from live animals at 44 and 70 kg LW (Table 2 ) and on backfat samples obtained at slaughter (Table 3) . Fatty acid composition of subcutaneous fat showed significant differences between diets in all the samplings performed, with small variations among samplings. Main effects were observed on SFA and MUFA contents, with higher MUFA in HO group and higher SFA in CH group. These changes were mainly due to a reduction of palmitic and stearic acids and a major increase in oleic acid in the HO group. These differences were clearly established since the first sampling, at 44 kg LW, and their magnitude was scarcely increased along the treatment (Supplemental Fig. 1 ). The diet also induced a small effect on PUFA content, which was slightly higher in HO group mainly due to an increase in linoleic acid. This effect was first detected in the biopsies obtained at 70 kg LW and maintained in the carcass sampling. Therefore, adipose tissue of carcasses corresponding to HO diet showed a greater percentage of MUFA and PUFA and a lower percentage of SFA, resulting in higher MUFA:SFA and PUFA:SFA ratios. The ratio n-6:n-3 was higher in the HO group, and the ratio C20:3n-9:C20:4n-6 was slightly higher in the CH group. Both changes were in agreement with lower levels of linoleic acid in CH group, which is the main representative of n-6 FA and the precursor of the synthesis of C20:4n-6. Elongation ratio (calculated as the sum of FA with length equal or higher than 18 carbons divided by the sum of FA with length lower than 18 carbons) was increased in supplemented animals, in agreement with the available dietary FA: long FA (>C18) are more abundant in the HO group (being mainly synthesized from C18:1; Table 3 ).
Backfat samples obtained at slaughter were separated in inner and outer layers. Fat layer significantly affected the percentages of most FA (all but C20:0 and C20:1n-9) and the FA ratios tested (P < 0.0001 for all). Inner layer showed higher SFA content and lower MUFA and PUFA content than outer layer. A few significant interactions layer × diet on MUFA:SFA, PUFA:SFA, and elongation ratio (P < 0.03, P < 0.02, and P < 0.001, respectively) were detected in a preliminary analysis using a model fitting these effects. These ratios showed significantly higher response to the dietary treatment in the outer layer.
Fatty acid profiles were also analyzed in longissimus muscle and liver samples. For both tissues the extracted lipids were separated into NL and PL. In both muscle and liver, preliminary analyses indicated significant differences of most of the FA and ratios measured between the 2 lipid fractions. In muscle, the NL fraction showed much higher SFA and MUFA and lower PUFA than PL (P < 0.0001). In liver, the NL fraction showed higher MUFA but lower SFA and PUFA than PL (P < 0.0001). Also, several significant fraction × diet interactions were observed in both tissues, some of quantitative nature and others of qualitative nature only observed in muscle for some PUFA. In muscle, diet effects on SFA (C16:0, C18:0, and SFA) were conditional on fraction (P < 0.001, P < 0.02, and P < 0.001, respectively, for the interaction) being observed in NL but not in PL fraction. Diet effects on C18:3n-3 and PUFA were opposite according to the fraction (P < 0.001 for both interactions). In liver, significant interaction effects were observed for most FA and indices although all of them were quantitative changes. Therefore, taking into account the abundant interaction effects, the effect of diet was separately explored on the different fractions of each tissue.
The FA profile of intramuscular fat was affected by the dietary treatment in both the NL and PL fractions (Table  4 ). The NL fraction was the most affected one, with the HO group showing higher C18:1n-9, C18:2n-6, C20:1n-9, and C20:4n-6 content and lower C18:0 and C16:0 than CH group. These changes result in higher MUFA:SFA and PUFA:SFA ratios in the HO group. Also, in agreement with findings obtained in adipose tissue, a higher elongation ratio was observed in HO group. Regarding the PL fraction, a slightly different response was observed, with some qualitative changes in the effect of the dietary supplementation with respect to NL fraction. In PL, higher C18:1n-9 and C20:4n-6 but lower C18:2n-6 and C18:3n-3 levels were observed in HO group. No effect was observed on SFA (P < 0.001 for the interaction fraction × diet effect) and effects on PUFA were contrary to the ones observed in the muscle NL fraction and in adipose tissue: higher PUFA content was observed in the CH group in the PL fraction (P < 0.002 for the interaction fraction × diet effect). The higher C18:2n-6 and C20:3n-9 contents in the CH group are in agreement with a lower C20:4n-6:C18:2n-6 and higher C20:3n-9:C20:4n-6 ratios observed in this group. Total intramuscular fat content (IMF) and muscle moisture were not different between both dietary groups.
A peculiar FA profile was observed in the hepatic tissue with higher content of C18:0 and PUFA (especially C18:2n-6) and lower of palmitic acid and MUFA (especially oleic) than the other quoted tissues. Regarding the diet effect, the 2 lipid fractions were significantly altered by the treatment being modified the content of most of the FA. The percentages of different SFA were higher in the CH group, and those of MUFA were higher in the HO group, in agreement with findings in all other tissues. Results of both fractions of hepatic lipids, which show a similar behavior in response to the treatment, are shown in Table 5 . Quantitative differences in the response to the dietary treatment were observed between fractions for SFA and MUFA, with a higher response in NL fraction (P < 0.001 for the interaction fraction × diet effect). Regarding PUFA, in this tissue a higher proportion was detected in the CH group in both lipid fractions. A higher C20:4n-6:C18:2n-6 was observed in the HO group, in agreement with its lower linoleic acid content. Also, higher n-6:n-3 ratio was observed in HO group in the PL fraction, and elongation ratios were higher in the HO group in both fractions. Total fat and moisture content of liver showed no differences between both experimental groups.
Effects of Dietary Energy Source on Adipose Tissue Transcriptome
Sixteen animals, 1 pig of each full-sib family coming from each experimental group (CH and HO), were selected for expression microarray analysis. All but 1 of the performed hybridizations overcame the quality control, and then 15 hybridizations of cDNA from adipose tissue samples were statistically analyzed.
To account for multiple testing, PP values were treated as conventional P-values for calculating the FDR. Only 10 probes corresponding to 9 different 2 SFA: C14:0 + C16:0 + C18:0 + C20:0.
3 MUFA: C16:1n-7 + C18:1n-9 + C20:1n-9.
4 PUFA: C18:2n-6 + C18:3n-3 + C20:3n-9 + C20:4n-6 + C20:5n-3.
5 Elongation ratio = Σ ≥ C18/Σ < C18.
known genes exceeded the threshold value corresponding to a FDR < 0.10 (Table 6 ). Six genes were overexpressed in the HO group and 3 were overexpressed in the CH group. Expression differences between diets ranged from 1.38-to 2.75-fold changes. The 2 most significantly DE genes were related with immune defense (TCRB and GPR183) and the others were related with nutrient metabolism as glicerolipid metabolism (GK3P), phospholipid and sphingolipid metabolism (PPM1L), carbohydrate metabolism (FBP2), amino acid metabolism and energy homeostasis (PRSS35 and CKB), and gene expression regulation and adipogenesis (RXRG).
To perform a functional analysis, a larger list of 44 probes with considerable evidence of DE was established fitting an upper bound of PP < 0.01 for the PP of probespecific differences being above (negative mean) or below (positive mean) 0 (Table 6 ). Three out of these 44 probes could not be annotated as any known protein-coding gene, and 4 genes were each one represented by 2 DE probes (BID, PHYHD1, UCP3, and HSD3B1). Therefore, the 44 DE probes correspond to 37 different known genes (20 overexpressed in HO and 17 overexpressed in CH group). The GO annotation tool (DAVID) allowed us to functionally annotate 36 out of these 37 DE genes. To identify pathways affected by the dietary source of energy, overrepresentation of GO Biological Process was explored and as a result 14 processes (P < 0.05) were identified. Similar terms were further clustered in 8 main biological processes: monocarboxylic acid metabolic process, carboxylic acid metabolic process, oxoacid metabolic process, organic acid metabolic process, cellular ketone metabolic process, FA metabolic process, lipid metabolic process, and cellular lipid metabolic process.
Effects of Dietary Energy Source on Candidate Gene Expression: Fat, Liver, and Muscular Tissues
Eleven genes with functional involvement in lipogenesis or adipogenesis processes were selected for gene expression quantification in several tissues: RXRG, LEP, PPARG, ME1, SCD, FASN, ACACA, ELOVL6, FABP5 , and NCOA2. Among them, the RXRG gene was found DE in the adipose tissue microarray study, and LEP and NCOA2 genes were found close to the DE significance threshold established. Therefore, these genes were selected due to their biological function but 2 SFA: C14:0 + C16:0 + C18:0 + C20:0.
also for microarray validation. Also, other not DE genes were selected: PPARG, ME1, SCD, ELOVL6, ACADVL, and FABP5 genes were not represented among the 3,272 filtered array probes, and FASN and ACACA genes were present but not DE in adipose tissue according to the array results. These 8 candidate genes were considered interesting to be analyzed by qPCR in spite of the lack of significant results in the adipose tissue microarray experiment because of the higher power and accuracy of qPCR technology to detect small gene expression differences and because of the possibility to extend the study to all available samples and several tissues. The 11 selected candidate genes were successfully quantified in the mRNA samples obtained from adipose and muscular tissues of the 27 animals used in the study. Nevertheless, RXRG and LEP genes were detected at very low levels in liver samples and therefore their quantification was not possible in this tissue. Results of the effect of dietary treatment on gene expression in the 3 different analyzed tissues are shown in Fig. 1 . A high CCC value (ρ c = 0.897) was calculated between microarray and qPCR FC values estimated in backfat samples for these 11 genes. This finding indicates a remarkable agreement between both measures, validating the global reproducibility of microarray results (Miron et al., 2006) .
In the adipose tissue samples (Fig. 1A ) 3 genes were significantly DE between both experimental groups. The RXRG gene was upregulated in the HO group (P < 0.0001), in agreement with the findings of the microarray study (r = 0.83, P < 0.0001). Leptin gene (LEP), which was close to the statistical significance in the microarray study, showed 1.4-fold significant upregulation in the HO group (P < 0.05) in the qPCR results. Change in expression of LEP gene was consistent in direction and magnitude respect to microarray results (r = 0.94, P < 0.0001). Finally, the ME1 gene was downregulated in the HO group (P < 0.0001). In longissimus muscle, although all the tested genes showed higher expression in Table 4 . Least-squares means and standard errors (SEM) of fatty acid percentages and indexes on intramuscular fat of longissimus dorsi muscle samples from Iberian pigs fed a standard diet with carbohydrates as energy source (CH) or a diet enriched with high-oleic sunflower oil (HO) 2 SFA: C14:0 + C16:0 + C18:0 + C20:0.
4 PUFA: C18:2n-6 + C18:3n-3 + C20:2n-6 + C20:3n-9 + C20:4n-6 + C20:5n-3 + C22:4n-6.
the CH group, no difference was statistically significant (Fig. 1B) . In liver, we observed just 2 genes with expression differences close to the statistical significance (Fig. 1C ). Both SCD and ME1 genes showed a trend for a higher expression in the HO group (P = 0.09).
To gain insight into the adipose tissue processes that may differ between both dietary groups, the list of DE genes obtained in the microarray study plus the 2 additional genes detected as DE with qPCR (LEP and ME1) was explored using the core analysis function included in IPA. Ingenuity Pathway Analysis software was used to identify the most significant biological functions in the comparative dataset of HO and CH groups. The 6 main biological functions identified by IPA included categories related to lipid metabolism, small molecule biochemistry, energy production, carbohydrate metabolism, cellular assembly and organization, and molecular transport (Supplemental Table 2 ). The detailed study of the lipid metabolism IPA molecular functions revealed that transcripts related to lipid and FA concentration, FA oxidation, and mass of adipose tissue were mainly upregulated in HO group (BID, LEP, RXRG, SCG5, and UCP3) while other transcripts related to these same functions and also transcripts related to synthesis of prostaglandin and eicosapenatenoic acid were upregulated in CH group (COMT, PTGDS, and PTGS2). Interestingly cell viability was predicted to be increased in HO group (P = 1.39 × 10 -2 ) as 5 of the 5 DE genes related with this process have expression direction consistent with increased cell viability (CD59, FKBP1B, LEP, SCG5, and TMEM158, all upregulated in HO). Regarding carbohydrate metabolism, 6 genes were identified related to the quantity of carbohydrates (BID, FKBP1B, LEP, PTGS2, SCG5, and UCP3), most of them upregulated in HO.
The 39 DE genes (37 DE genes obtained in the microarray study plus 2 additional genes detected as DE Table 5 . Least-squares means and standard errors (SEM) of fatty acid percentages and indexes on liver samples from Iberian pigs fed a standard diet with carbohydrates as energy source (CH) or a diet enriched with high-oleic sunflower oil (HO) 2 SFA: C14:0 + C16:0 + C18:0 + C20:0).
with qPCR, LEP and ME1) were used by IPA to construct 3 genetic networks. The first one with a higher score (38) includes 16 out of the 39 DE analyzed molecules and involves functions related to lipid metabolism, tissue development and function, tissue morphology, and endocrine system development and function (Supplemental Fig. 2 ). The second, with a score 31 and 14 focus genes, is related to cell-to-cell signaling and interaction and nervous system development and function. The third network scored 10 and included 6 focus molecules related to cell death and survival and cellular compromise. 
DISCUSSION
Diet Effects on Tissues Fatty Acid Composition
Although some research suggested that the FA composition of pig subcutaneous fat responds more to dietary manipulation than does intramuscular fat (Morel et al., 2006; Apple et al., 2009; Duran-Montgé et al., 2009 ), other studies with diets of varying FA composition lead in general to a homogeneous response in the different tissues (Guillevic et al., 2009; Wang et al., 2011) . In Iberian pigs, Pérez-Palacios et al. (2009) reported significant effects of diet on backfat and semimembranosus muscle but not on biceps femoris. Therefore, nonconsistent and tissue-specific effects have been reported although their comparison is difficult due to the differences in the genetic type used, dietary treatments (high or moderate inclusion, and duration of the treatment), tissue and age, or LW sampling.
In our study, the comparison between 2 dietary sources of energy (monounsaturated oil or carbohydrates) showed significant effects of dietary group on adipose, hepatic, and muscle FA profiles, which in general reflect the composition of the diet received, with much higher MUFA and lower SFA content in the HO group. In adipose tissue, the main diet effects were detected very early during the treatment, in the first biopsies at 44 kg LW, and small changes in the magnitude of differences between groups were observed along the trial. In fact, in the 70 kg LW biopsies the FA profiles were practically identical to those of samples at slaughter. In the carcass samples, important within-tissue differences between backfat layers or among muscle and liver lipid fractions were also appreciated, showing the complex specificity of these effects.
In muscle, NL is the fat storage fraction and showed higher percentages of SFA and MUFA and lower PUFA in comparison to the PL fraction. The higher PUFA content of the PL fraction leads to a higher PUFA:SFA and higher n-6:n-3 ratio respect to NL fraction. These results are in agreement with previous observations (Kouba et al., 2003; Wood et al., 2004) . While the FA profile of NL fraction was clearly affected by diet, PL was less affected. The lower effect of diet on muscular PL fraction was reported by Wood et al. (2004) in longissimus and psoas muscles of 4 different pig breeds, and it is not unexpected taking into account the structural function of PL in cell membranes.
In spite of the importance of liver on lipogenesis and fat metabolism, its FA composition has been less studied in pigs in comparison to adipose and muscle tissues. The singular liver FA profile is in agreement with previous reports in Iberian and hybrid pigs (Estévez et al. 2004 (Estévez et al. , 2005 Martin et al., 2008; Razmaitė and Švirmickas, 2012) . A diet effect is observed in both fractions; although in agreement with the results of muscle, the liver PL fraction showed slightly lower diet effects on the FA profile than NL.
Diet effects on SFA and MUFA were concordant among tissues. However, it is noteworthy that effect of dietary treatment on C18:2n-6 and total PUFA concentration were different depending on tissue and lipid fraction. In subcutaneous adipose tissue and muscle NL a slightly higher PUFA content was observed in the HO group, which may be attributed to the greater C18:2n-6 content of this diet (15.54 vs. 5.97 g C18:2n-6/kg feed). Similarly, higher C18:2n-6 percentages in subcutaneous fat of Iberian pigs fed high oleic acid sunflower oil as compared to those fed traditionally on acorns has been previously observed by Ventanas et al. (2008) . In contrast, lower C18:2n-6 and total PUFA content in muscle and liver PL were observed in pigs fed with the HO diet, thus indicating that regulation of structural lipid composition is different from that of stored lipids. It is interesting to note that the proportion of dietary C18:2n-6 relative to total FA composition was actually higher in the CH than in the HO diet (67 vs. 22 g C18:2n-6 per 100 g total dietary FA, respectively), therefore suggesting that membrane FA composition is more affected by dietary FA proportion while stored triglycerides are affected to a higher extent by total dietary FA intake. Similarly, López-Bote et al. (1997b) also found higher total PUFA and overall FA unsaturation in muscle PL of rabbits fed a diet with no added fat than in those fed a diet enriched either in C18:1n-9 or in C18:2n-6 FA. Also in this case, total C18:2n-6 concentration was actually higher in the diets containing added oils, but C18:2n-6 proportion was higher in the diet containing no added fat.
The lower PUFA content observed in HO animals in muscle PL and hepatic fractions could be related to a higher desaturation/elongation of C18:2n-6 to C20:4n-6 in pigs of HO group, which is concordant with the significantly higher C20:4n-6 contents and C20:4n-6:C18:2n-6 ratios observed in these fractions in the same animals. The higher C20:4n-6:C18:2n-6 ratios could reflect differences in expression or activities of other desaturases and elongases involved in this specific pathway and not analyzed in the present work, which could be specifically regulated in liver and muscle.
Different FA ratios are usually used as measures of tissue metabolism and also of the tissue nutritional value in relation to human health. The abundance of products of C18:1n-9 desaturation (C20:3n-9) is a biochemical index of dietary supply of essential FA (namely C18:2n-6 and C18:2n-3). Therefore, the higher C20:3n-9:C20:4n-6 ratios observed in adipose tissue and fractions of muscle and hepatic tissues of pigs of the CH group are in agreement with the low supply of essential FA received by these animals (Sardesai, 1992) . On the other hand, excessive amounts of n-6 PUFA and high n-6:n-3 ratio are today related to many human diseases, including atherosclerosis, cardiovascular disease, metabolic syndrome, cancer, and autoimmune and inflammatory diseases, whereas a low n-6:n-3 ratio exerts suppressive effects (Simopoulos, 2002; Webb and O'Neill, 2008) . The supplementation with high-oleic sunflower oil reduced the saturation of pig fats, which positively affects the meat nutritional quality, but the n-6:n-3 index significantly increased in adipose tissue and liver (PL fraction). Nevertheless, in muscle no significant negative effect was observed on n-6:n-3 ratio.
Diet Effects on Backfat Transcriptome
Diet effects on metabolism can be mediated by direct effect of nutrients on gene transcription, nuclear RNA processing, mRNA degradation, and mRNA translation as well as on posttranslational modification of proteins (Clarke et al., 2002) . In particular, dietary FA are known to regulate the expression of many genes (Duplus et al., 2000) , mainly those involved in FA metabolism, transport, and β-oxidation (Kliewer et al., 1997; Young et al., 2001; Georgiadi and Kersten, 2012) . Studies in mammals show that PUFA enriched diets influence gene transcription, as exemplified by the negative regulation that PUFA exert on the expression of lipogenic genes and their positive effect on the transcription of genes related to β-oxidation (Kouba and Mourot, 1998; Ntambi and Bené, 2001; Sampath and Ntambi, 2006) . Also, SFA are known to positively influence lipogenesis and FA desaturation (Sampath et al., 2007) . The effects on gene transcription follow different types of mechanisms, mainly including a direct action of the FA on the gene or on transcription factors, for example, peroxisome-proliferator-activated receptor (PPAR), liver X receptor (LXR), hepatic nuclear factor 4α (HNF-4α), and sterol regulatory element-binding protein (SREBP; Jump, 2002) , which regulate a variety of genes involved in lipid metabolism and energy balance (Nakamura et al., 2004) .
Although several metabolic pathways have been identified as influenced by the diet FA composition, the new available tools for the global study of the transcriptome, as expression microarrays or RNA massive sequencing, allow new approaches for these studies. Besides of the identification of singular genes regulated by FA, these molecular tools help for detecting gene networks jointly affected by the treatment in absence of previous hypothesis. To our knowledge, this is the first work in which the effect of porcine diet FA composition on gene expression has been studied with a transcriptome approach. In fact very few nutrigenomic studies have been performed in this animal species and microarray tools have been scarcely used and mainly limited to studies using pigs as animal models for human issues or diseases, for example, the study of the transcriptional effects of dietary-induced hyperlipidemia or formula feeding in neonates (Takahashi et al., 2012; Ronis et al., 2011) . In contrast with humans and rats, the porcine adipose tissue is considered by far the main lipogenic tissue (O'Hea and Leveille, 1969; Gondret et al., 2001) and therefore this tissue was selected for our global gene expression study. Most diet-induced changes in backfat gene expression were small in magnitude and were statistically significant just for a few tens of the genes analyzed with the microarray approach. This result suggests a low genetic responsiveness of fat tissues to dietary treatments, which could be particularly relevant in obese pig breeds as the Iberian one, as a consequence of a dilution effect, as it has been described in humans (van Erk et al., 2008) . The small gene expression changes induced by the dietary treatment, in general lower than 2-fold, make difficult their reliable detection through microarray platforms. Nevertheless, the functional interpretation of DE genes allows inferring some metabolic adaptation to the diet of the adipose tissue cells, as the GO biological processes related to metabolism of carbohydrates, lipids, and FA were the most enriched ones.
Diet Effects on Candidate Genes Expression
Besides this hypothesis-free genomewide expression study, we have performed a complementary hypothesisdriven study by qPCR. This technique is more precise and sensitive technique than microarray platforms, especially for quantifying small expression differences. Also, its lower cost allows its application to a higher number of samples and/or tissues. In our study, gene expression was also assessed by qPCR for a panel of interesting candidate genes in 3 different tissues sampled at slaughter from all the 27 available experimental pigs, thus providing more complete and reliable results for the panel of selected genes. Among these genes, the Stearoyl-CoA desaturase (SCD) gene was probably the most obvious candidate to be modulated by the dietary treatment. The SCD is a highly regulated enzyme, which expression is known to be regulated by several dietary, hormonal, and environmental factors (Paton and Ntambi, 2009) . Recently, SCD gene expression has been shown to be downregulated in response to linoleic and oleic acid treatment in vitro (Zulkifli et al., 2010) . In vivo, SCD gene expression has been observed to be influenced by the oleic acid dietary content in adipose tissue and liver but not in semimembranosus muscle of Duroc × Landrace female pigs of 100 kg LW (Duran-Montgé et al., 2009 ). Nevertheless, our results do not agree with these previous findings and no difference was observed between both dietary groups in the SCD expression in any tissue analyzed. The nonexpected lack of response of SCD transcription to the dietary change could be due to differences in the intensity and length of the applied treatment or to the pig breed used, in comparison to previous studies.
Results of qPCR study in adipose tissue samples showed some dietary effects on gene expression. In first place, the differential expression of RXRG gene found in the microarray analysis was confirmed, with a 1.85-fold higher expression in the HO group, which is consistent with the magnitude of the effect detected with microarrays. Also significant results are detected for LEP (1.4-fold) and ME1 (0.6-fold) genes.
No significant gene expression differences were detected by qPCR in neither muscular nor hepatic tissues. As explained before, loin composition was less affected by the dietary fat, showing less and smaller changes in FA profile than the other tissues and no difference in IMF between groups. This fact would reflect an effect at the transcriptional or enzymatic activity levels that lead to an increase in MUFA endogenous synthesis or desaturation in the CH group, thus compensating the lack of direct deposition of dietary FA. This hypothesis is especially adequate for the experimental pigs of this study, as Iberian breed is characterized by a very high lipogenic potential in comparison to other breeds (López-Bote, 1998) . Moreover, FA mediated effects on gene abundance have been postulated as a significant component of the adaptive capacity of skeletal muscle that contributes to the rapid matching of the oxidative profile of the muscle to the predominant dietary fuel source (Cameron-Smith et al., 2003) . Nevertheless, the results of gene expression quantification do not support these hypotheses, as the CH animals showed higher gene expression for several lipogenic genes than HO animals but the estimated differences are not significant. These unexpected results could be related to the complexity of the regulation of gene/protein expression and/or activity. Although mRNA transcription is essential for protein synthesis, the relationship between both types of molecules is not linear. Many mRNA are degraded quickly compared to their proteins and passing increases in mRNA may not coincide with increases in protein activity; moreover, other stages between gene expression and protein function may be influenced by FA regulation. Therefore, enzyme activity studies should be addressed in the future to clarify the functional consequences of dietary interventions regarding their effects on metabolism.
Gene Networks and Metabolic Pathways Affected by Dietary Energy Source
Joint functional analysis of the microarray and qPCR DE genes allowed the detection of specific metabolic pathways altered by the treatment. The main affected function was lipid metabolism, in agreement with the GO enrichment study, with 11 out of the 39 DE genes being involved. Specific subcategories were affected: FA concentration and oxidation, triacylglycerol concentration, reduction and utilization of lipids, and prostanoid synthesis, with several genes up-and downregulated in the different subcategories. Fatty acid oxidation genes were mainly upregulated in HO, in concordance with previous results in other species and other tissues (Lockridge et al., 2008) and prostanoid synthesis was upregulated in CH group.
A gene network functionally relating 16 out of the 39 molecules was constructed and assigned functions related with lipid metabolism and tissue development and function. In this network, LEP and PTGS2 genes showed central roles with a high number of connections with other DE genes and other added molecules. Among the lipid metabolism and FA oxidation genes detected as DE, some of them are worthy of additional discussion. RXRG and LEP are functionally related molecules involved in the adipocytokine signaling pathway controlling FA metabolism and β-oxidation. Retinoid X Receptor (RXR) protein can regulate gene expression either on binding PPAR ligands or RXR ligands, which include a variety of endogenous lipids and FA. Peroxisome proliferator-activated receptors and RXR are involved in adipogenesis and lipid and glucose homeostasis (Lefebvre et al., 2010) . Leptin is a hormone produced by adipose tissue, whose main role is the control of en-ergy balance at hypothalamic level. Nevertheless, this protein has also local effects as it inhibits lipogenesis in adipose tissue (Nogalska et al., 2005) and promotes FA catabolism by stimulating the expression of PPARα. The changes observed in the expression of RXRG and LEP genes, with higher expression in the HO group, could reflect a metabolic adaptation to a higher lipolysis and FA turnover and these changes could trigger other expression changes due to their regulatory roles. Moreover both molecules are narrowly related to PPAR, which constitute one of the main mechanisms of action of FA in relation to gene expression modulation (Duplus et al., 2000) , supporting the involvement of these transcription factors on the changes observed. UCP3 gene is a member of the uncoupling proteins family (UCP), which are mitochondrial transport carrier proteins and have been implicated in thermogenesis, FA metabolism, and protection against free radicals and aging. This gene's protein product is postulated to protect mitochondria against lipid-induced oxidative stress. Expression levels of this gene increase when FA supplies to mitochondria exceed their oxidation capacity and the protein enables the export of FA from mitochondria (Esteves and Brand, 2005) . UCP3 gene has been shown to be regulated by leptin (Scarpace et al., 1998) and induced by dietary oleate in rat cardiomyocytes (Lockridge et al., 2008) , in agreement with our results. Changes in FA oxidation genes seem to be guided toward the control of the increase of FA accumulation in HO group.
On the other hand, there is strong evidence that the regulated uncoupling caused by UCP attenuates mitochondrial reactive oxygen species production and protects against cellular damage. This cellular protection is complementary to the observed upregulation of genes related to cell viability in the HO group and agrees with the protective role of MUFA against oxidative stress and DNA damage.
Prostanoid biosynthesis is induced in CH group, mainly due to the upregulation of 2 key genes (PTGS2 and PTGDS). Prostaglandin-endoperoxide synthase (PTGS2), also known as cyclooxygenase 2 (COX2), is the key enzyme in prostaglandin biosynthesis and is known to be induced by dietary SFA (Van Dijk et al., 2009 ). This enzyme plays an important role in the production of inflammatory mediators and its induction is one of the mechanisms triggering the proinflammatory status of adipose tissue following high-fat and SFA diets in obesity-risk subjects (Muñoz and Costa, 2013) . In concordance, this gene, and also the Prostaglandin D2 synthase gene (PT-GDS) are upregulated in CH group, which shows much higher levels of SFA than HO group. The high adipogenic potential and trend for obesity that characterize the Iberian pig breed used here support that animals fed the CH diet could be starting to develop some early signals of obesity, as gene expression changes in proinflammatory genes are observed before adipose tissue morphology is phenotypically affected (Van Dijk et al., 2009) .
Overall, our results support a fine tuning of several important metabolic processes by dietary FA at the transcription level. Nevertheless, the small changes reported in gene expression, although biologically relevant, are difficult to study accurately with samplings of limited size. Moreover, the temporal aspect of the effects of diet on gene expression has not been considered in the design of this work. Further research should include more powerful designs with use of new technologies for the transcriptome analysis of different tissues serially sampled at different weights.
Implications
In Iberian pigs, dietary supplementation with higholeic sunflower oil leads to animal tissues largely reflecting diet composition. In adipose tissue the main diet effects are established very early and the phenotypic differences induced remain almost stable along time. Small differences in response are observed among tissues, with muscle composition being the less sensitive to diet and the one with the highest heterogeneity on the response of the different lipid fractions. Altogether, the HO diet produces animal tissues with high oleic content and lower fat saturation respect to CH diet, but an adverse effect on n-6:n-3 ratio is observed in fat and liver. According to the possible beneficial effects of a long oleic acid supplementation against oxidative stress and DNA damage, identified by gene network analysis, the potential relationship with pig health and longevity should be investigated.
